Purposes To demonstrate the assessment of measurement invariance property in a health status instrument and to increase the awareness of its importance, we evaluate the measurement invariance of the Asthma Control Questionnaire (ACQ) across age and gender subgroups. Methods Data are obtained from children 7-12 years of age at entry into a randomized trial, which evaluates the effect of a telephone coaching program on improving asthma outcome. Multi-group confirmatory factor analysis is used to assess the comparability of factor loadings and intercepts across age and gender subgroups. Since age is a continuous variable, two different categorizations (7-10 vs 11-12 and 7-9 vs 10-12) are analyzed. Results The factor loadings and intercepts of all six items in ACQ are comparable across gender subgroups. Although the factor loadings are comparable across age 7-10 and 11-12 subgroups, one intercept is statistically but not practically different. For age 7-9 versus 10-12 subgroup comparison, the factor loadings are not comparable. Conclusion In children, the ACQ can be used to compare asthma control construct between boys and girls and between age 7-10 and 11-12 subgroups. Measurement invariance is an important property that should be examined when the latent construct(s) are compared across different subgroups.
Introduction
In many clinical and epidemiological studies, quality of life and health status outcomes are latent constructs measured by multiple item instruments. Several criteria have been proposed to examine the measurement properties of these instruments [1] [2] [3] , including content validity, criterion validity, construct validity, internal consistency, reproducibility, responsiveness, and interpretability. When the latent construct(s) are to be compared across subgroups, demonstration of an instrument's measurement invariance is necessary to ensure meaningful comparisons. The Asthma Control Questionnaire (ACQ) is the most commonly used instrument for measuring asthma control in children [4] [5] [6] . A six-item version of the ACQ is used in our large-scale clinical trial on asthma outcomes after a coaching intervention. Each item is measured on a 7-point scale, with zero being no impairment and six being maximum impairment. Although age and gender are common demographic characteristics for subgroup comparisons, the measurement invariance properties of the ACQ are unknown for these subgroups.
Methods

Study subjects and data
Study subjects of this study are children with asthma who participated in a randomized controlled trial (RCT) to evaluate a 12-month telephone asthma coaching program. The trial design and implementation are reported elsewhere [7] . In this study, we use data from the baseline assessment of the ACQ, completed during a telephonic interview with the child. The study is approved by the Washington University Human Research Protection Office.
Statistical data analysis
Confirmatory factor analysis (CFA) is a useful method to test the measurement structure of a scale [8] , particularly when making cross-group comparisons because multiplegroup CFA allows for simultaneous estimation and direct statistical comparisons of the measurement model parameters across the groups [8] . The fit of CFA models is evaluated using the v 2 goodness-of-fit statistic, absolute fit indices [e.g., the root mean square error of approximation (RMSEA), standardized root mean squared residual (SRMR)], and relative fit indices [e.g., the Tucker-Lewis index (TLI) and Comparative Fit index (CFI)] [9] .
The graphic illustration of the multiple-group CFA for gender is presented in Fig. 1 . The degree of measurement invariance can be described as a hierarchical sequence from the weakest form to the strongest form [8, 10] . The first level-configural invariance only requires that the two groups have a similar basic factor structure. The second level-weak factorial invariance requires similarity in the factor loadings, and the third level-strong factorial invariance further requires similarity in both factor loadings and intercepts in the two groups. In many situations where strong factorial invariance is untenable, not all of the intercepts are equivalent, giving rise to partial invariance [11] .
Following Byrne [11] and Little [8] , we establish the different levels of ACQ measurement invariance using the v 2 difference test statistic. We start with fitting the configural model (Model 0) with all factor loading and intercept parameters freely estimated across two groups. Some of the residuals are allowed to be correlated in the model as their correlations cannot be completely explained by the underlying factor. Then, we fit a week invariance model (Model 1) with the factor loadings equated across the two groups. If the factor loading invariance holds (a non-significant v 2 difference test), we continue to next step, fitting a strong invariance model (Model 2) with both factor loading and intercept parameters equated across two groups. If a significant v 2 difference test rejects Model 2 at this step, indicating partial invariance, we then free the constraint on one intercept at a time to identify the item(s) responsible for partial invariance. The order in which the intercept parameters are freed is determined by the modification index (MI) and the standardized residuals [12] . Age is a continuous variable that can be categorized in different ways. Based on the previous work, we first divide the children into two age groups: 7-10 and 11-12 years [5] . We also repeat the analysis using age groups 7-9 versus 10-12 years. SAS software v9.3 [13] is used to prepare the data and to perform simple descriptive and comparative analyses. Mplus software v6.12 [14] is used to perform multiple-group CFA.
Results
Description of study subjects
A total of 462 children, who are 7-12 years old and diagnosed with asthma, have completed the ACQ. Among them, 72.3 % (334) are 10 years old or younger, and 60.1 % (278) are boys. The means and standard deviations of the six items for the entire study sample and for the age and gender subgroups are presented in Table 1 .
Multiple-group CFA Table 2 presents the estimated factor loadings and intercepts of the multiple-group CFA models under Model 0 specification (configural invariance). The v 2 goodness-offit statistics and other fit indices for configural invariance (M0), weak factorial invariance (M1), strong factorial invariance (M2) models, along with the v 2 difference test statistics between models, are presented in Table 3 .
All the models fit these data reasonably well. All p values for the v 2 goodness-of-fit statistics are larger than 5 % (first column of Table 3 ). The RMSEAs and SRMRs are all \5 %, and in addition, CFI/TLI are all greater than 98 %.
The v 2 difference test statistics (the second column) between M0 and M1 for age and gender subgroups are 5.5 (df = 6, p = 0.48) and 11.3 (df = 6, p = 0.08), respectively, indicating the similarity of factor loadings between the age and gender subgroups. The v 2 difference tests between M1 and M2 indicate that all intercepts are similar Fig. 1 Ilustration of multiple-group CFA for measurement invariance of ACQ instrument between boys (x = 0) and girls (x = 1). y1-y6 represent acq1-acq6, the effect of asthma control construct on acq1-acq6 (factor loadings) is denoted as k 01 -k 06 for boys and k 11 -k 16 for girls. The mean levels of acq1-acq6 (intercepts) for boys and girls are denoted as a 01 -a 06 and a 11 -a 16 , respectively. To test the measurement invariance, we determine the extent to which k 01 = k 11 , …, k 06 = k 16 , and a 01 = a 11 , …, a 06 = a 16 across gender subgroups (p = 0.64), but some are slightly different across age groups (p = 0.05).
To explore which of the six intercepts contributed to the age group difference, we performed partial invariance analyses. We first free the parameter of intercept for the 5th item (acq5) since it has the largest value of modification index, and the largest and the second largest value of standardized residuals in the two age groups. The resulting model has a v 2 value of 30.5 with df = 25. The v 2 difference between this model and Model 1 (v 2 = 23.7, df = 20) is 6.8 with df = 5 (p value = 0.23), indicating that allowing the intercept of the 5th item to be different across groups substantially improved model fit. In other words, the 5th item is responsible for the partial invariance.
When we use the different categorization for the age subgroups (7-9 vs 10-12 years), a significant v 2 difference (v 2 = 15.9, df = 6, p = 0.01) is found between M0 and M1, providing statistical evidence of different factor loadings between children in these two age groups. Using chi-square difference test, we found that the difference comes from acq3 (0.648 vs 0.929) and acq4 (0.575 vs 0.803). Failure to achieve weak factorial invariance suggests that we should not use this age grouping to compare mean asthma control level.
Discussion
In this study, we have established strong factorial invariance of ACQ in gender subgroups, but partial strong factorial invariance in age 7-10 and age 11-12 subgroups. When age is categorized into 7-9 versus 10-12 years, we fail to establish weak factorial invariance in these two subgroups.
These findings have implications for the application of ACQ and perhaps other patient-reported outcome measurements. The strong invariance of ACQ between the gender subgroups allows researchers to compare mean asthma control level between boys and girls. Although the factor loadings for the 7-10 versus 11-12 years subgroups are comparable, the intercept of acq5 is statistically different. Nevertheless, the magnitude of difference in the two intercepts (0.187) is small. As a result, the presence of this partial measurement invariance is unlikely to have a substantial impact on the latent mean comparison. However, the measurement invariance property of ACQ is sensitive to how the age groups are formed. Our study shows that it is not appropriate to make the latent mean comparison between the age 7-9 and age 10-12 subgroups since the factor loadings are not comparable. Thus, special attention is needed when comparison subgroups are formulated from a continuous variable.
The primary limitations of the study include the following: (1) we have only considered age and gender subgroups in this study. When other group differences are of substantive interest to researchers, measurement invariance should be established for those groups, and (2) we have used the chi-square difference test to compare the models with different levels of measurement invariance. A wellknown problem of this test is its sensitivity to sample size. It tends to overreject the nested model with large sample size and underreject the nested model with small sample size. A recently developed method in the Bayesian analysis framework [15] and using change in fit indices such as CFI [16, 17] to establish measurement invariance might be able to solve this problem. There is growing recognition that patient-reported outcomes play an important role in both clinical and epidemiological studies. When the intent is to compare the latent constructs measured by these instruments across subgroups, invariance property should be assessed in addition to validity, reliability, and responsiveness. We hope that our study will increase the awareness of this important measurement property and provide a useful template for those who wish to do so.
